[1] A global coupled climate model representative of the current generation of models is shown to simulate most first order aspects of El Niño events, their teleconnections over North America, and the associated observed patterns of extremes in present-day climate. Future El Niño teleconnection patterns over the U.S. are projected to shift eastward and northward due in part to the different midlatitude base state atmospheric circulation in a warmer climate. Consequently, projections for the changes in the patterns of extremes over the U.S. during future El Niño events include: decreases of frost days over the southwestern U.S expand northward and eastward; increases in intense precipitation in the SW U.S. expands eastward and areas in the SE U.S. become stronger; and decreases of heat wave intensity over much of the southern tier of states turn to increases.
Introduction
[2] Weather and climate extremes could have some of the most serious consequences for human society, wildlife and ecosystems in a future warmer climate [Easterling et al., 2000; Meehl et al., 2000] . Thus, there has been considerable work done looking at possible mean changes of extremes in a future warmer climate (e.g., see assessment by Meehl et al. [2007a] ). However, patterns of extremes are affected by modes of circulation such as El Niño [Gershunov and Barnett, 1998; Cayan et al., 1999; Schubert et al., 2005] . Temperature and precipitation extremes, with their serious impacts, have been shown to play a major role in exacerbating the disruptive effects associated with El Niño events over the U.S. [Glantz, 2001] . Changes of future extremes have been linked to modes of circulation like the North Atlantic Oscillation (e.g., A. A. Scaife et al., European climate extremes and the North Atlantic Oscillation, submitted to Journal of Climate, 2007) , but no study has yet addressed the possible future patterns of extremes associated with El Niño events over the U.S.
[3] It has been demonstrated that the current generation of climate models is improved compared to previous versions, and they now are able to simulate most first order aspects of El Niño events in present-day climate [e.g., Meehl and Teng, 2007] . Therefore, the purpose of this paper is to examine El Niño teleconnections over the U.S. in terms of extremes for present-day climate, review how those teleconnections could change in a future warmer climate, and then show how those changes could influence the patterns of extremes over the continental U.S. associated with future El Niño events.
Models and Observed Data
[4] The World Climate Research Programme CMIP3 multi-model dataset archived at PCMDI [Meehl et al., 2007b] includes the Frich et al. [2002] extremes indices from a subset of models, and a global analysis of future changes for a number of the extremes indices has been performed for those models [Tebaldi et al., 2006] . However, those model data do not include all the data necessary to perform an analysis of the relationship of El Niño events to the extremes indices for the relevant experiments. Therefore, here we focus on one model (the Parallel Climate Model, PCM) that has been shown to simulate 20th century extremes over the U.S. reasonably well in terms of frost days [Meehl et al., 2004a] , heat waves [Meehl and Tebaldi, 2004] , and precipitation intensity [Meehl et al., 2005a] . This model has also been used to demonstrate that recent observed trends in temperature extremes over the U.S. have mostly been due to anthropogenic forcings [Meehl et al., 2007c] .
[5] The PCM is described, for example, by Meehl et al. [2004b] , and its resolution of the atmosphere is T42, or roughly 2.8°Â 2.8°, with 18 levels in the vertical. Resolution in the ocean is roughly 2 = 3 degree tapering down to 1 = 2 degree in the equatorial tropics, with 32 levels. No flux adjustments are used in the model, and, at least in terms of global-mean temperature, a relatively stable climate is simulated.
[6] The PCM was run for a pre-industrial (1870) control run which provided initial states for the 20th century simulations. Four member ensembles of PCM 20th century climate experiments were run with a combination of anthropogenic and natural forcings. These 20th century simulations were started from different times in the 1870 control run separated by 10 to 20 years. The natural (volcanoes and solar) and anthropogenic (greenhouse gases, sulfate aerosols, and ozone) forcings used in these experiments are described by Meehl et al. [2004b] .
[7] The observed data are the extremes indices [Frich et al., 2002] derived from daily data, updated and described by Alexander et al. [2006] . A pre-computed set of seasonal and annual indices, with global coverage, is available as the HadEX dataset (http://hadobs.metoffice.com/hadex/) but for our purpose the indices need to be computed over a year defined more congruous to the ENSO year [e.g., Meehl, 1987] spanning the June-to-May period. Therefore, we computed the indices from observed daily data from Canada, Mexico and the United States. These data and their quality control, homogeneity assessments, and gridding methodology are described by T. C. Peterson et al. (Changes in North American extremes derived from daily weather data, submitted to Journal of Geophysical Research, 2007) . We also added the heat wave intensity index of Karl and Knight [1997] , described below. We used sea level pressure fields from the NCEP/NCAR reanalyses to identify El Niño (La Niña) events.
[8] Frost days are defined as days when the temperature goes below freezing, and the corresponding index counts the number of such days summed during the year. Therefore, this eliminates the possible confounding effects from changes of seasonality. The heat wave intensity index [Karl and Knight, 1997] (and applied by Meehl and Tebaldi [2004] ) has been defined in light of the fact that during the Chicago heat wave of 1995, the worst effects on excess human mortality were observed after three consecutive very hot nights. Therefore, the heat wave intensity index is defined as the mean of the annual three consecutive warmest nights, or stated in another way, the annual maximum 3-day running-mean of daily minimum temperature. Precipitation intensity is defined as the total annual precipitation amount divided by the number of wet days, but in our study we isolate precipitation intensity over the winter season (DJF). The calculation of this index involves taking into account a threshold for counting a day with precipitation to avoid problems arising from changes in the threshold for trace precipitation. In our definition, we count as wet days those days when precipitation is above 1 mm.
[9] El Niño (La Niña) events are defined as the 1 -5 year filtered Niño3.4 area-averaged sea surface temperature anomaly that positively (negatively) exceeds one standard deviation for the DJF season [e.g., Meehl and Teng, 2007] . Accordingly, we label the June-May year covering that season as an El Niño (La Niña) year and we stratify the geographical patterns of indices and sea level pressure accordingly. For the PCM control run (200 years), there are 32 El Niño events, and 35 La Niña events. For the 100 years of the stabilized A1B experiment (2100 -2199), concentrations increase from 2000 to 2099 according to the mid-range A1B scenario, and then all concentrations are held fixed after 2100 [see Meehl et al., 2005b] ), there are 12 El Niño events, and 16 La Niña events. For the 57 years covered by the NCEP/NCAR reanalysis , there are 13 El Niño events and 11 La Niña events. The daily data from which the extremes indices are computed covers 55 of the 57 years and the same 24 events. All differences are computed as El Niño minus La Niña.
El Niñ o Teleconnections Over North America, Present and Future
[10] Figure 1a shows composite sea level pressure (SLP) anomaly patterns for DJF, El Niño minus La Niña, for the model, and can be compared to a similar composite from the NCAR/NCEP reanalyses (Figure 1c) . The typical El Niño pattern is represented in the observations, with an anomalously deepened Aleutian Low (center of negative SLP anomalies in the North Pacific near the Aleutian Islands), a small anomalous high over the Rockies (positive SLP anomalies) and stronger positive SLP anomalies over northern Canada, and anomalous negative SLP anomalies over the southeast U.S. and eastern seaboard extending out over the Atlantic. For the model, the anomalous low center in the North Pacific is shifted somewhat south and east, with small amplitude negative SLP anomalies extending across the U.S., but with positive SLP anomalies over northern Canada as in the observations. The anomalous low SLP center in the Atlantic is shifted eastward in the model compared to observations. The result, portrayed as differences of anomalies, model minus observed (Figure 1e ). shows the southward shifted anomalous Aleutian Low in the model as negative SLP differences in the central North Pacific and positive SLP differences in the northern North Pacific, with negative SLP differences over the Rockies, and positive SLP differences over the Atlantic. The PCM is typical of other current models in this regard, as shown by Meehl and Teng [2007] where they describe how the position of the various El Niño teleconnection low and high centers are related to the location of the equatorial Pacific sea surface temperature (SST) anomalies and corresponding precipitation and consequent convective heating anomalies.
[11] El Niño events in the future stabilized A1B experiment ( Figure 1b) show a different teleconnection pattern compared to the control run in Figure 1a . The anomalous Aleutian Low is shifted eastward and northward (as indicated by the differences in Figure 1d) , with a reduction in the amplitude of the anomalous positive SLP anomalies over northern Canada, and a deepening of the anomalous low pressure in the Atlantic. This future change in the El Niño teleconnection pattern over North America is also typical of other current models, and is associated in large part with the change in midlatitude base state circulation due to the increase of anthropogenic greenhouse gases Meehl and Teng, 2007] . This change in base state documented in those papers is characterized by an upper level wave 5 pattern indicating a change in the long waves and thus the midlatitude wind patterns in a future warmer climate. This average change in the long wave pattern in the atmosphere thus affects how the El Niño teleconnection pattern sets up during future El Niño events.
[12] Though changes in future El Niño amplitude can also play a role, the stabilized A1B experiment in PCM shows virtually no change in future El Niño amplitude (standard deviation of the 1-5-yr filtered Niño3.4 SST for observed events from the NCEP/NCAR reanalyses is 0.77°C, for the PCM control run is 0.74°C, and the PCM stabilized_A1B is 0.74°C). The PCM produces somewhat reduced amplitude El Niño events for much greater forcing (e.g., 4XCO 2 ) . Thus, for the experiments considered here, the major cause of the changes in future El Niño teleconnections is the changed midlatutide base state.
Present-Day and Future Patterns of U.S. Extremes During El Niñ o
[13] The observed pattern of present-day frost days during El Niño events is shown in Figure 2a , and is characterized by decreases in the northwest U.S. and Great Basin, and increases in the southern and eastern U.S. The PCM representation of this pattern for present-day El Niño events is similar (Figure 2b) , with more consistent decreases in frost days extending farther down the west coast in the model as a consequence of the southward-shifted anomalous low pressure in the North Pacific (Figure 1b) . The overall pattern of frost days during El Niño events in the model (Figure 2b ) is much smoother compared to the observations (Figure 2a ) due in part to the longer period of the control run and the much greater number of El Niño events in the model compared to the relatively fewer number of events in the short observational record. As could be expected from the future northward and eastward shift of El Niño teleconnections over the U.S. (Figure 1c) , the future pattern of frost days during El Niño events (Figure 2c) shows the anomalous decrease of frost days expanding eastward as well, with decreases in frost days in future El Niño events now occurring as far east as the central part of the country, with a concomitant reduction in the increased frost days over the eastern seaboard.
[14] Statistically significant differences from a bootstrap calculation are indicated by black dots in Figure 2 (as well as in Figures 3 and 4) . The bootstrap technique applied in these three figures provides a reference distribution that preserves the geographic coherence of the fields against which the differences are being compared. If the local significance happens in areas that show coherent geographic features, these are features that are different from the normal geographic features one would see when considering anomalies between multi-year averages of the same size, but without the ENSO stratification.
[15] Figure 3a indicates that during observed El Niño events, there is anomalously intense winter precipitation in the SW U.S., across the southern tier of states, and along the eastern seaboard, with decreases of precipitation intensity in the Pacific Northwest and Midwest. The model control simulation shows similar patterns of precipitation intensity with the exception of the area of decreased precipitation intensity in the Midwest (Figure 3b) . Note that the PCM has difficulty in simulating precipitation extremes during El Niño in parts of the North American Monsoon region (e.g., northern Mexico and Arizona). Tropical intraseasonal precipitation variability associated with the Madden-Julian Oscillation (MJO) influences precipitation in that region, and the fact that Lin et al. [2006] have shown that most of the current generation of global coupled models (including PCM) have difficulty simulating the MJO indicates that this could contribute to the problems with simulating precipitation extremes in that region in Figure 3b .
[16] For future El Niño events, the area of anomalously intense precipitation in the southwest expands eastward and northward to cover the entire west coast region, and ).
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areas of increased precipitation intensity in the southeast U.S. become stronger (Figure 3c ). Decreases of precipitation intensity become established in the Midwest. These changes in the pattern of precipitation intensity change for future El Niño events can again be traced to the change in teleconnection pattern, with a northward and eastward shift of the anomalous low pressure in the north Pacific resulting in more intense precipitation along the length of the west coast, and the deepening of low pressure in the Atlantic producing more intense precipitation along the eastern seaboard in future events.
[17] During present-day El Niño events, observations show decreases of heat wave intensity over much of the southern tier of states, with increases in the upper Great Plains and southern Rockies (Figure 4a) . A similar but stronger pattern is evident in the model control run (Figure 4b ). For future El Niño events, there is a marked change in the pattern, with the decreases of heat waves in the southern tier turning to increases (Figure 4c ) that are associated with the change of the teleconnection.
Conclusions
[18] A global coupled climate model (PCM), analyzed in previous studies of changes of extremes, is used here to illustrate possible changes of patterns of extremes during El Niño events over the continental U.S. in a future warmer climate. The model is able to simulate most first order aspects of teleconnection patterns of winter SLP over the U.S. for present-day El Niño events, with a notable systematic shift of the pattern southward and eastward with consequent shifts of the patterns of extremes during El Niño events. The patterns of frost days, precipitation intensity and heat waves are compared to observations to show that the model is able to simulate most of the main features of present-day extremes associated with El Niño events. Previous studies have shown the changes in the pattern of teleconnections over the U.S. for the end of the 21st century are mostly due to changes in the midlatitude base state circulation due to the increase of GHGs in the atmosphere. This change in teleconnections produces changes in the patterns of extreme events associated with future El Niño events such that anomalous decreases of frost days expand eastward, anomalously intense precipitation in the SW U.S. expands eastward with areas in the SE U.S. becoming stronger, and decreases of heat wave intensity in the control run over much of the southern tier of states turn to increases during future El Niño events. 
